Refugial differentiation and routes of postglacial migration are major determinants of the patterns of geographical variation we see in natural populations today. We used patterns of chloroplast DNA (cpDNA) variation to investigate the postglacial colonization history of the European oak species Quercus robur and Q. petraea. By sequencing two cpDNA segments using universal primers, we revealed four polymorphic sites which identify four cytotypes with characteristic geographical distributions. Of these, the principal eastern, central and western cytotypes divide the range into three longitudinal zones, each extending from the south to the north of Europe. This corroborates the idea that the postglacial colonization started from three distinct southerly refugia. The fourth cytotype, restricted to East Anglia, was probably derived from the western type postglacially. As a special problem, we addressed the controversial origin of Q. robur at its northern limits in south-western Finland, where it currently occupies a narrow coastal zone disjunct from the remaining oak range. Using a PCR-RFLP assay that discriminates the eastern cytotype, a contact zone of two cytotypes was identified in the region of the Salpausselkä ridges. This suggests that the marginal northern occurrence was independently colonized both from the east and from the west, across the Baltic Sea.
Introduction
During the major Pleistocene glaciations temperate forest species were restricted to refugial populations in the south of Europe. Such refugia are well documented for species with a good fossil pollen record, and occurred primarily in Spain, Italy and the Balkans (Huntley & Birks, 1983; Bennett et al., 1991) . The periods of isolation allowed genetic differentiation of the populations. The present patterns of marker distribution across Europe retain traces of the location and the numbers of refugia, and of the routes of northward expansion from these refugia following the climatic amelioration at the end of the last ice age.
The generally slow rate of cpDNA sequence evolution previously tended to discourage its use as a marker at lower systematic levels (Banks & Birky, 1985; Palmer, 1987) . However, recent population studies have revealed intraspecific geographical structuring of cpDNA (e.g. Novak & Soltis, 1991; Lavin et al., 1992) , and there are a number of studies where the phylogeographical variation has been related to postglacial history; in the Saxifragaceae (Soltis et al., 1989 (Soltis et al., , 1992 , in European oaks (Ferris et al., 1993; Petit et al., 1993 Petit et al., , 1996 and in the tulip tree (Sewell et al., 1996) .
Quercus robur L. and Q. petraea (Matt.) Liebl. are widespread European oak species which frequently hybridize when sympatric. A genetic east/west division in both taxa has been documented using allozyme and cpDNA characters (Ferris et al., 1993; Petit et al., 1993 Petit et al., , 1996 Zanetto & Kremer, 1995) . The eastern and western oak cpDNA cytotypes have been recognized on the basis of a single base substitution, which is identifiable by a restriction enzyme assay. These cytotypes most probably represent lineages derived from distinct southern refugia (Ferris et al., 1993) . A contact zone of the two types runs south to north through Austria/Switzerland and Germany/Poland (Ferris et al., 1993) . The cytotype distribution to the north has so far been poorly explored, but it seems logical that the western type has spread through Denmark to southern Scandinavia (Sweden) , whereas the eastern type colonized the areas south and east of the Baltic Sea.
At the northern limits of its distribution Q. robur in Finland is currently restricted to a narrow zone in the south-western part of the country, facing the Baltic Sea (Hultén, 1971 ). This area is disjunct from stands connected to the eastern continental distribution in Russia. It has been suggested that the current Finnish range was initially colonized from the west, from Sweden across the Baltic Sea and was probably continuous to the east across southern Finland (e.g. Cajander, 1921; Skult, 1965) . Alternatively, an initial spread from the east also seems conceivable, as during the climatic optimum, oak distribution extended further north, and was probably continuous across southern Finland (Donner, 1995) . In light of the data of Ferris et al. (1993) the chloroplast marker now should provide an efficient tool to resolve the origin of the Finnish oak.
This study addresses two aspects of the divergence and distributional history of European oaks. As a particular problem, we explored the regional colonization history and presence of a contact zone in the northern reaches of the range in Finland, using the simple RFLP marker. At a more general level, we have sought for further resolution in the refugial history of oak chloroplast lineages by sequencing 875 bp of cpDNA in a number of samples throughout Europe.
Materials and methods
A total of 47 mature oaks (40 Q. robur, seven Q. petraea), collected from 42 sites representing 19 countries across Europe, were used for a DNA sequencing study (Fig. 1, Table 1 ). Six additional Quercus species were sequenced as outgroups: Q. cerris, Q. coccifera, Q. suber, Q. imbricaria, Q. wislizenii, and Q. pubescens. In addition to the sequencing survey, 166 Q. robur trees from the northern parts of the range were assayed with a restriction digestion analysis. This Fig. 1 Distributions of the four cytotypes determined by cpDNA sequencing (Table 3) in European samples of Quercus robur (circles) and Q. petraea (squares). Sample site details are given in Table 1 . Symbol size is proportional to the number of individuals studied. survey comprised 48 sites through the natural distribution of oak in southern Finland and the Å land Islands, and a number of samples from neighbouring regions in Sweden and north-west Russia (Fig. 2 , Table 2 ). The Finnish and Swedish sites were chosen to most likely represent native stands, and this should also hold for at least two of the Russian samples.
Fresh leaf samples were frozen for storage. Total genomic DNA was extracted using the CTAB method of , with minor modifications by Howland (1992) . Two fragments from the Large Single Copy region of the chloroplast genome were PCR-amplified using the universal primers of Taberlet et al. (1991) : the tRNA Leu1 intron (558 bp) and the nontranscribed intergenic spacer (IGS) between the tRNA Leu1 and tRNA Phe genes (381 bp). Reaction conditions were as given in Ferris et al. (1993) . Double-stranded PCR product was purified using QIAquick spin columns (Qiagen). DNA sequencing was performed on an ABI automated DNA sequencer (Perkin Elmer) using ABI PRISM dye deoxy chain terminator cycle sequencing. Sequencing reactions were performed in a total reaction volume of 20 L containing: double-stranded PCR product intron was performed on PCR products from all the 203 samples used in this study. The restriction enzyme CfoI (Gibco) recognizes a pyrimidine transition polymorphism (T/C) at position 153 of the intron, as previously described by Ferris et al. (1993) . Forty-eight of the Fennoscandian samples were double-digested with MboI and RsaI (Gibco) to detect the presence of the 13 bp duplication within the tRNA Leu1 intron as described by Ferris et al. (1995) .
Results

Sequence survey across Europe
Sequence comparisons involving a total of 875 bp from the Leu1 intron and the intergenic spacer (IGS) revealed four polymorphic positions. Within the intron these include a pyrimidine transition (C/T) at position 153 and a 13-bp duplication at position 335 (ǹ/). Within the IGS, a purine transition polymorphism (A/G) is found at position 76, and microsatellite length variation at position 131 in a mononucleotide T repeat (10/11).
The variable nucleotide positions identify four cytotypes, which show geographically well-defined Table 2 . The dotted line represents the (historical) distribution limit of oak.
and largely distinct distributions in Europe (Table 1 , Fig. 1 ): the eastern (CG 10), the central (TA 11), the western (TG 11) and the East Anglian (TǹG 11) cytotypes. The East Anglian type was found only in Q. robur whereas the other three were found in both Q. robur and Q. petraea. All six outgroup species had TG cytotypes but the microsatellite was variable among them having 9, 10 or 11 repeats (Table 3) .
Restriction site variation in the north
Of the eight Finnish samples sequenced, the three easterly ones had the eastern cytotype, whereas five trees from south-western Finland were of central type (Table 1 , Fig. 1 ). The CfoI restriction analysis, which discriminates between the eastern type and the others, showed a distinct geographical division among the 166 trees assayed, with a main east/west contact zone in the region of the Salpausselkä ridges. A single deviation from the generally clearcut pattern was seen: the Kirkkonummi samples did not exhibit the eastern restriction phenotype, unlike neighbouring populations. Of the 48 Fennoscandian samples chosen at random and double-digested for the intron, all lacked the duplication. Previous studies using the tRNA Leu1 intron alone recognized two polymorphisms, which identified a primary east-west subdivision across Europe and a local cytotype restricted to East Anglia (Ferris et al., 1993 (Ferris et al., , 1995 . Analysis of the nontranscribed intergenic spacer sequence (IGS) between tRNA Leu1 and tRNA Phe detects two additional mutations. A microsatellite variant corroborates the distinction of the eastern cytotype from the others, and a point mutation splits off from the western European population group a central cytotype, distributed geographically between the eastern and western types.
The current distributions of the eastern, central and western cytotypes are readily explained with a late-and postglacial spread of oak from three distinct and differentiated southern refugia. This agrees with the evidence from fossil pollen maps, which indicate separate refugial areas in the north of the Iberian, Apennine and Balkan peninsulae, and northward migration from them starting about 13 000 years ago (Huntley & Birks, 1983) .
There is some overlap in the geographical distributions of the cytotypes, but the zonation is still remarkably clear. The weak longitudinal mixing is unexpected in view of the fast northward postglacial spread seen in the pollen maps and indicating efficient dispersal capacity. Under conditions of normal dispersal, such longitudinal genotype distributions are predicted (Hewitt, 1996) . Another prominent feature is the coincidence of the cytotype zonation in the two oak species, Q. robur and Q. petraea; or the independence of the cytotype distribution of the conventional morphological species boundaries. There are no grounds to assume the different cytotypes would have independently arisen or even been fixed in the two species. This feature is most reasonably seen as reflecting an efficient cytoplasmic gene exchange between the two species during or after the refugial isolation (see Ferris et al., 1993) . This is conceivable as the two species are known to hybridize readily under suitable conditions (Rushton, 1993) . Similar introgressive hybridization and subsequent pollen swamping have been proposed for Eucalyptus (Potts & Reid, 1988) .
Information on the genealogical relationships of the various cytotypes was sought from an outgroup comparison to six further oak species from three subsections of the genus Quercus. These were all identical to the western cytotype at three of the diagnostic sites; at the microsatellite, the outgroup taxa were variable and thus not useful for polarizing character states (Table 3 ). The western TG type is inferred as being ancestral within the robur-petraea group, but there are no synapomorphisms in the molecular data to allow further resolution of the branching order of the cytotypes.
The geographical context, however, suggests that the change from the western to the East Anglian type was the most recent. Evidently, the duplication distinguishing this cytotype took place postglacially during the colonization of Britain (Ferris et al., 1995) . Unlike the other three types, the East Anglian cytotype has only been found in Q. robur, so far never in Q. petraea. This mutation most likely occurred in Q. robur; as no native Q. petraea are found in the East Anglian area, there may have been no natural opportunity for introgression of this cytotype to Q. petraea. On the other hand, there are good grounds to believe that the history of the three main cytotypes is considerably older than the last glaciation. The rate of the chloroplast rbcL gene sequence divergence in the Fagaceae has been estimated at 0.71 10 10 substitutions/site/year (Frascaria et al., 1993) , and the rate at the intron and IGS sequences as 3.5 times faster, 2.5 10 10 (Gielly & Taberlet, 1994) . In this context, microsatellite length variants, which show generally faster mutational dynamics, may be ignored, and we shall only consider the substitutions observed in the main lineages. Two substitutions were seen in the three lineages within the 875 bp segment examined; the rate calibration above suggests this amount of divergence would be expected if the three lineages diverged simultaneously some 3 Myr ago. It thus seems very unlikely that all the main lineages would have arisen within the last major glacial cycle (c. 100 000 years), or even within one of the later ones; more probably, they date back to the early Pleistocene.
During this time the European oak populations will have undergone several range expansions and contractions with the recurring climatic cycles, and lineages once isolated in refugia have repeatedly come into contact and been subject to gene exchange (Hewitt, 1993) . It might therefore seem unexpected that a clear-cut diagnostic distinction corresponding to the three main refugial areas remains, particularly as there seem to be no strong barriers to gene flow even at the interspecific level. It is however, possible that the refugial source populations have remained largely unaffected by external gene flow. Fossil pollen data suggest that the climatic deterioration at the end of an interglacial was not accompanied by southward migration of forest tree species (Bennett et al., 1991) ; rather the onset of cold will generally push succession toward a postclimax such as pine forest, moorland or bog. Pollen data also indicate that temperate tree species have retained populations in the proposed refugial areas through several glacial cycles (Tzedakis, 1993) . In these areas, oak populations may thus have remained effectively independent through repeated expansion cycles; this is particularly likely to be true of the chloroplast genome, which appears inefficient in penetrating an existing population.
Our samples were chosen to represent oak stands that most likely can be considered native (with few exceptions). Oak seeds have also frequently been moved around by human activity during several centuries. The geographical pattern of cytotype distribution in more culturally affected localities is therefore not expected to be as clear as that in the present data. Actually, the distinct natural cytotypic zonation presents a tool to confirm cases of longdistance oak translocations, and evidence of such translocations is accumulating (Ferris et al. unpubl. obs.) . In our data, the western cytotype in Florence, northern Italy (Fig. 1, site 14) represents a clear deviation from the overall zonation. More samples are, however, needed to see whether this represents a translocation from western Europe, or natural polymorphism in Italian populations.
Independent colonizations of southern Finland
The range of the newly described central cytotype extends as a relatively narrow band from Italy northward to Switzerland, Germany and through Denmark to central Sweden. From Sweden, it further reaches across the Baltic to the Å land islands and to an outpost in south-western continental Finland. The eastern cytotype, in turn, is now encountered in Estonia and in north-western Russia, as was predictable from the previous records of this type from central eastern Europe (Ferris et al., 1993) .
The initial recognition of two cytotypes in Finland led to a more thorough mapping of their distributions in a large proportion of remaining oak stands, using the restriction digest assay. The assay strictly discriminates only between the eastern type and the others; however, the five individuals from southwestern Finland identified directly by sequencing, along with the large-scale cytotype distributions (Fig. 1) , make it clear that southern Finland actually represents a contact between the central and eastern oak cytotypes.
The distribution of oak in south-western Finland is generally identified with that of the hemiboreal vegetation zone, and it largely coincides with a similar marginal outpost occurrence of several other plant, fungal and animal species. Many of these taxa are obligately or indirectly dependent on the oak. The problem of oak colonization thus makes an exemplary case of a more general question on the immigration of the biota in this region. Three principal immigration directions may be considered: (i) from the west (Sweden) across the Baltic via the Aland islands; (ii) from the south (Estonia) across the Gulf of Finland; (iii) from the east (Russia) through the Karelian isthmus. All these routes have also been suggested to have contributed the southern Finnish oak, entirely or in part (e.g. Ollinmaa, 1952) . The view of a western immigration has been dominant, stressing present floral affinities through Å land, and the discontinuity of distribution to the east (Cajander, 1921; Skult, 1965 ). Yet when considering the history of Finnish oak, it must be noted that at the time of immigration both the climate and geography, and consequently the early oak distribution, were grossly different from the present situation.
Pollen stratigraphy shows that oak spread to southern Scandinavia around 8500 BP, when southern Sweden still remained in direct land connection to Denmark (Huntley & Birks, 1983; Donner, 1995) ; generally oak pollen was more abundant in these regions than further east. In southern Finland oak appeared about 8000 BP, at the beginning of the warm Atlantic chronozone (8000-2500 BP). Oak gradually became more abundant and, as with several other plant taxa, extended its range considerably further north than today. It is regularly found in pollen strata of those times in the lake district 100-200 km north of the Gulf of Finland and the present distribution limit (e.g. Saarnisto, 1970; Donner, 1995) , but later disappears with the southward retreat of the vegetation zones.
On the other hand, at the time of early colonization (7000 BP), relative sea levels in southern Finland lay 30-70 m higher than today, because of the remaining isostatic depression. Practically the entire current oak range in Finland was submerged, and so were the stepping-stone archipelago and much of central Sweden (e.g. Donner, 1995) . Therefore the barriers for early oak dispersal from the west were much greater than seen in the present maps. The sea-distance to be crossed from the west was then some 300 km, whereas that from the south was only 80 km, but no comparable barriers appeared on the potential eastern route. Birds, particularly jays are considered important in transporting oak seeds (acorns), but distances thus transferred are necessarily relatively short and the colonization over seas has probably been by hydrochory (floating acorns). Yet the estimated rates of terrestrial range extension, 350-500 m yr 1 , are remarkably fast (Davis, 1983; Huntley & Birks, 1983) .
Even from the stratigraphical and palaeogeographical evidence, an early colonization from the east across southern Finland would appear most conceivable. The current outpost occurrence of the eastern cytotypes is then plausibly interpreted as an isolated remnant of a formerly continuous range. From the present data on cytotype distribution (Fig. 2) , the western cytotypes in Finland would most likely seem of Swedish origin. Although these eastern and western routes are the most likely origins of Finnish oak, other more complex explanations are not yet totally excluded. Dispersal from Estonia across the Gulf of Finland could well have contributed to the eastern outpost occurrence (cf. Ollinmaa, 1952) . And actually the data from Estonia so far, one site with the eastern cytotype, cannot definitely exclude an immigration of the western type from the south.
Stable contact zones
The overall zonation of the oak cytotypes across Europe and across southern Finland appear remarkably distinct. In general the formation and long-term stability of such contact zones, despite the high dispersal capacity of oak, can be understood in the light of the particular dispersal characteristics of oak genomes. The relative dispersal dynamics of cytoplasmic and nuclear genes in the colonization phase are fundamentally different from the situation in an established forest (Hewitt, 1993; Nichols & Hewitt, 1994 ). This will result in the retention of stable cytoplasmic demarcation zones at the initial contact sites of two populations expanding from different directions (refugia), a process which has taken place repeatedly in the history of the European oaks.
During range expansion, gene flow to new areas is exclusively by seed, and therefore largely similar for the cytoplasmic and nuclear genomes. Following a contact of effectively continuous populations, the exchange of maternally inherited genes will, however, be effectively impeded. Even though longdistance acorn transfer is not uncommon, the presence of a local acorn pool will effectively swamp any cytoplasmic gene flow to an already occupied territory. This may be viewed as an effect of the highly leptokurtic seed dispersal distribution. As a consequence, the distribution of a cytoplasmic marker will be effectively frozen to the situation at the time of the contact. By contrast, pollen dispersal is less leptokurtic, and nuclear gene exchange between populations is likely to be much more common; the ratio of effective pollen flow to seed flow in oaks has been estimated at 200 (Ennos, 1994) . This may rapidly confound the signal of previous history in nuclear markers, and the distri-bution of nuclear genetic variation across the observed contact zones (e.g. southern Finland) could actually be very different from the clear pattern seen in cpDNA.
Because of these dynamics, cytoplasmic genomic markers in species like oak will be particularly effective in retaining the historical signal of the colonization phase. On balance, it should be stressed that the cytoplasmic marker distribution may poorly reflect the history and composition of the nuclear genomes of the trees, and therefore may not make a reasonable basis for racial subdivisions. This has been repeatedly evidenced for organellar markers, even in species where the differences in female and male dispersal are less pronounced (e.g. Avise, 1994) . The decoupling of the cytotypic and taxonomic identities of the Q. robur-Q. petraea complex oaks in central Europe actually makes a particularly illustrative case of this contrast between the historical cytoplasmic signal and the current nuclear genetic composition.
The arguments above, pertaining to contact of populations dispersing over terrestrial habitat, may however, not so directly apply to the history of cytotypic divisions in Finland (Fig. 2) . For one thing, as all the current oak sites were still submerged at the time oak arrived in Finland, the observed zone cannot represent a freezing of the actual initial contact site. The current populations may rather represent gradual parallel expansion from the previous more northerly ranges (where oak is now extinct) to new coastal grounds emerging with the postglacial land-uplift. If we still assume that an initial zone arose at the contact of two expanding populations, and the approximate longitudinal (east/ west) position of the zone has been retained in the southward expansion, the implication from the position is that both cytotypes arrived practically simultaneously, and thus early. So if the western type actually came from Sweden, it could not have used the stepping-stone archipelago, but rather must have represented a genuine long-distance dispersal event.
On the other hand, the retention and actual location of the Finnish zone may also have been critically affected by the peculiar geomorphology of the contact area, and by seed dispersal mechanisms peculiar to the coastal environment. From the data at hand, the genetic transition broadly takes place over the Salpausselkäs, a Younger Dryas ice-marginal formation which runs in parallel ridges NE-SW through southern Finland. Particularly in the coastal area, a clear division is made between the samples east and those (north) west of the Hanko peninsular, the extreme projection of Salpausselkä I to the Baltic. The present ecology of Finnish oak is characteristically coastal, most stands being situated near the shoreline or on outcrops of former islands (Ollinmaa, 1952) . Also the range expansion has probably mostly been through colonization of newly emerged ground. Hydrochoric seed dispersal in coastal waters has conceivably been decisive in the colonization process, and consequently to the established cytotype distribution. Throughout the postglacial history and land-uplift process, the Salpausselkä ridges have posed obstacles to such dispersal in the inshore and archipelago zones. Given this mode of colonization, the role of the geological or hydrographical barriers may finally have been more decisive than that of the initial contact site in determining the current Finnish contact zone.
